Introduction
Knowledge of locking, or the amount the overriding plate is stuck (locked) to the subducting oceanic plate, is critical for estimating seismic hazard of subduction zones because greater locking may indicate greater potential for larger earthquakes. Complicating our understanding of locking, many subduction zones have slow-slip events that occur over a period of days to months along sections of the plate boundary that release and redistribute part of the stress built up in the subduction zone during the earthquake cycle. Slow-slip events (SSEs) have been reported at subduction zones in southwest Japan [Heki et al., 1997; Hirose et al., 1999; Ozawa et al., 2001] , Mexico [Lowry et al., 2001] , Costa Rica [Outerbridge et al., 2010] , Kamchatka [Burgmann et al., 2001] , Alaska [Freymueller et al., 2002] , New Zealand [Douglas et al., 2005] , and Cascadia . SSEs in Cascadia and other (but not all) subduction zones are often accompanied by tectonic tremor and where they occur together are named episodic tremor and slip (ETS) [Rogers and Dragert, 2003 ]. Another mode of interearthquake slip is persistent fault creep, which differs from SSEs in that the motion is steady over the earthquake cycle.
In northern California, the Pacific plate moves northwest relative to North America at about 50 mm/yr [Atwater, 1970; DeMets and Dixon, 1999] . North of the Mendocino Triple Junction (MTJ), the young Gorda and Juan de Fuca plates subduct beneath the North America plate at about 30 mm/yr offshore northern California which steadily increases to about 45 mm/yr offshore Vancouver Island, Canada [Wilson, 1993] . Unlike the smooth transition in convergence rate from south to north, locking patterns inferred from geodetic data vary. These variations are partly real but also reflect assumptions in how locking is defined in the geodetic model [Hyndman and Wang, 1993; McCaffrey et al., 2000; Miller et al., 2001; Wang et al., 2003; McCaffrey et al., 2007; Burgette et al., 2009; McCaffrey, 2009; McCaffrey et al., 2013] . SSE recurrence in Cascadia also varies latitudinally [Brudzinski and Allen, 2007; Szeliga et al., 2008] . Using networks of GPS and seismometers, Brudzinski and Allen [2007] demonstrate that ETS occur about once every 14 months in Washington, once every 2 years in central and northern Oregon, and about every 10 months in northern California. The observation that the amount of locking and slow-slip in Cascadia do not follow the same along-strike trend as the increase in plate convergence rate [e.g., McCaffrey et al., 2013] suggests they must be influenced by properties at or near the fault surface [Schwartz and Rokosky, 2006; Brudzinski and Allen, 2007; Reyners and Eberhart-Phillips, 2009; Audet et al., 2010; Peng and Gomberg, 2010] .
We use margin-wide continuous Global Positioning System (GPS) as well as tide gauge and levelingderived uplift rates to estimate the margin-wide distribution of locking and cumulative slow-slip. These estimates are compared to coseismic subsidence derived from paleoelevation studies and geologic distributions to understand Cascadia subduction mechanics. Our models extend as far south as the Mendocino Triple Junction (MTJ) in California, and provide the first estimates of slow-slip for this region ( Figure 1a ). Our results show that central Oregon between 43 N and 46 N has reduced interseismic uplift, coseismic subsidence, cumulative tremor and slow-slip. These observations can be explained by partial but persistent fault creep in the Cascadia thrust under central and northern Oregon where the thickest accumulations of dense Eocene age basalt called the Siletzia terrane exist (Figures 1b and 1c) . We expand on a conceptual model that suggests the Siletzia terrane, if impermeable, may help accommodate persistent fault creep by increasing pore fluid pressure along the fault interface, ultimately influencing Cascade wide seismic hazard. Other explanations are also explored.
Geophysical Observations

Continuous GPS Time Series
Daily positions for continuous GPS sites in the Pacific Northwest are publicly available from Central Washington University (CWU) for the Pacific Northwest Geodetic Array (PANGA, http://www.geodesy.cwu.edu/) and from UNAVCO for the Plate Boundary Observatory (PBO, http://pbo.unavco.org/data/gps) [Anderson et al., 2006] and are computed in the Stable North America Reference Frame [SNARF Working Group, 2004] . We use both PANGA and PBO time series, which provide a spatially more complete data set than either alone. [2005] . White outline marks the 10 mgal contour and maps the spatial extent of the thickest accretions of the dense Siletzia terrane. (Figure 1c ) Aeromagnetic anomalies transformed to magnetic potential from Blakely et al. [2005] . White outline marks the 130 nT km contour and maps the spatial extent of the magnetized body inferred as serpentinized mantle. Aeromagnetic anomalies are notably reduced in the Olympic accretionary complex (black outline).
Geochemistry, Geophysics, Geosystems [2010] . The PNSN catalog is intermittent in time and space until mid 2009, when the network became fully operational margin wide. We supplement the PNSN catalog with the Miami University (MU) tremor catalog, described in Boyarko and Brudzinski [2010] and Brudzinski and Allen [2007] . Because these two catalogs cover different times and regions, we combine them to get the most complete record from 2005.5 to 2011.0. The catalogs indicate periods of elevated tremor throughout the margin (Figure 2 ). Most major slow-slip events detected by GPS have spatially and temporally associated tremor (Figure 2 ).
Methods
We present three models of Cascadia: two that represent the distribution of ''decade-scale'' locking without estimating slow-slip (decade-scale models) and a third that simultaneously estimates inter-SSE locking and slow-slip (the SSE model). ''Decade scale'' refers to the GPS time series duration ($10 years). Decade-scale models are used to estimate the along-strike pattern in the locking fraction whereas the SSE model is used to estimate along-strike pattern in cumulative slow-slip from 2005.5 to 2011.0. The decade-scale and SSE models are estimated using the program TDEFNODE [McCaffrey, 2002 [McCaffrey, , 2009 . Our structural models are based on block models presented in McCaffrey et al. [2007] and McCaffrey [2009] . In all models, we divide the crust into 28 blocks shown in Figure 1a . Blocks with a limited number of stations or with no stations (SEOr, SWId, NoVI, SnRP, Paci, JdFa, Expl, and EBnR) are assigned the angular velocity given in McCaffrey et al. [2007] , otherwise the rotations (Euler poles, three parameters per block) are estimated. Permanent strain rates within the YFTB, ECCR, and WCCR blocks are estimated by solving for the three components of a uniform spherical strain rate tensor [Savage et al., 2001] .
The plate boundary fault is represented by a three-dimensional irregular grid of node points that define its shape ( Figure 1a ) and is based on the fault interface presented in McCrory et al. [2004] . Surface deformation due to slip on faults in an elastic half-space follows the routines of Okada [1985 Okada [ , 1992 . The locking fraction, /, describes how much the plates are coupled, or locked, where / 5 0 indicates no locking (free slip), and / 5 1 indicates the plates are completely locked. Alternatively, / can be thought of as a creep fraction, where / 5 0 is full creep, and / 5 1 is no creep.
Rows of nodes are paired along strike in the inversion, effectively increasing node spacing (Figure 1a, dots) and reducing the number of free parameters. The best fit parameters are estimated by minimizing the penalty function:
where R is the data residual vector, W is the weight matrix, a and b are scaling factors for damping, / is the locking fraction (value between 0 and 1), N is the number of nodes, and P k represents other penalties. The first term is the v 2 data misfit, the second is along-strike smoothing, and the third damps the total slip rate deficit. This equation corrects a typo in equation (1) 
where p o is the initial position of the time series, v is the decade-scale velocity (slope), H is a Heaviside step function that accounts for j 5 1 to N events (earthquakes, equipment changes, etc.) at time t j with amplitude A j , and U 1 , U 2 , U 3 , and U 4 are coefficients for annual and semiannual seasonal signals. Velocity uncertainties are estimated as 3.0 mm divided by time series duration for horizontal velocities and 6.0 mm divided by time series duration for vertical velocities. Uncertainties <0.3 mm/yr are given the value of 0.3 mm/yr in the decade-scale inversion. The decade-scale velocity model inversion uses 720 CWU PANGA decade-scale rates (three components for 240 sites) and 420 PBO decade-scale rates (three components for 140 sites). Tide and leveling uplift rates (587 total) are also used in the decade-scale inversion. Decade-scale velocities are provided in supporting information.
Predicted GPS vertical rates and tide and leveling gauge uplift rates are systematically offset from each other. We adjust the GPS vertical reference frame by calculating the mean residual of the vertical rates relative to the model, which is then subtracted from the vertical GPS rates. PANGA and PBO vertical rates are shifted by 21.01 and 21.18 mm/yr, respectively. The inversion is performed again with these adjustments in the final decade-scale models.
Locking at most oceanic subduction zones is difficult to estimate because locking is typically offshore where there is rarely instrumentation to observe surface deformation. Knowing the locking distribution is important for seismic hazard estimates, however, since future coseismic rupture may occur where the plate interface is currently locked and assumptions of the locking distribution can greatly affect estimates of loading rates [McCaffrey et al., 2013] . At Cascadia, onshore measurements of deformation from survey-mode and continuous GPS [McCaffrey et al., 2000; Wang et al., 2003; McCaffrey et al., 2007; McCaffrey, 2009; McCaffrey et al., 2013] and tide and leveling data [Hyndman and Wang, 1993; Burgette et al., 2009; McCaffrey et al., 2013] 
GPS Time Series and SSE Model
Slow-slip events that are visually obvious in the time series are examined in this study and are among the largest between 2005.5 and 2011.0. Many tremor swarms occur throughout the time between large SSEs, and occur further downdip than larger tremor swarms [Wech and Creager, 2011] . We argue that the consistency of the GPS time series slopes between large SSEs suggests that smaller SSEs do not contribute much to the cumulative SSE moment or contribute at a relatively constant rate. The consistency of the inter-SSE velocities also suggests that there is no long-period event occurring, such as a M ! 8 SSE [Meade and Loveless, 2009] . We use the east component of the GPS time series (with the trend and seasonal signals removed) and elevated tremor counts to visually determine when major slow-slip events occurred along the margin (e.g., We decimate the daily position time series between 1 July 2005 and 1 January 2011 to one sample every 7 days to reduce computation time. In total we use 240 CWU PANGA and 154 PBO stations, of which 258 are unique. Sixty-nine unique stations provided daily position estimates for 90% or more of time period observed, and 114 unique stations provided position estimates for 80% or more of the time studied. The CWU PANGA time series are rotated into the PBO reference frame. We do not use tide gauge and leveling velocities in the SSE model because these data reflect the longer-term average velocity, rather than the short-term interSSE velocities.
The SSE model uses the decimated GPS position time series directly to solve for inter-SSE block Euler poles, permanent horizontal block strain rates, fault locking, and transient events including slow-slip, after slip, and earthquakes. The time series of position X is given by
where X k (t) is the predicted time-dependent position vector of the kth station, X k o is the initial position vector of the kth station (estimated), V is the steady intertransient velocity vector evaluated at the position of the kth station (x k ) (estimated), S is the seasonal vector-valued signal comprising annual and semiannual terms U (see equation (2); estimated), and T represents the time series due to transients, which are calculated for one earthquake and 16 SSEs. Steady site velocities, V(x), are calculated from inter-SSE steady block rotations, block strain rates, and elastic deformation rates associated with plate boundary fault locking. Site velocities are spatially correlated through block model parameters and locking in V(x) and through transient slip described in T(x,t).
Inter-SSE locking differs from the decade-scale locking because it is derived from the slope of the position time series (the velocity) between SSEs, rather than from the slope of the entire time series with SSEs Geochemistry, Geophysics, Geosystems included. We parameterize the inter-SSE locking fraction as a Gaussian function of depth, in the same way as in the Gaussian decade-scale model.
Our SSE model extends from 39.5 N to 49.5 N ( Figure 3 ). We describe the spatial distribution of slow-slip as a Gaussian function of depth. Similar to locking, along-strike rows of nodes are paired in slow-slip inversions, but a zero displacement boundary condition on the southern-most and northern-most rows of nodes is enforced. The regularization parameters for slow-slip events are a 5 10 7 and b 5 0.2 (equation (1)). The time dependence of slow-slip velocity is a boxcar function that results in a linear ramp in displacement, starting at time t o with a duration t c .
We estimate by eye start times of 16 slow-slip events but let them and their durations adjust in the inversion. To reduce the number of free parameters, we modeled southern and northern SSEs separately with a boundary at 44 N unless tremor and/or GPS time series indicate the SSE extended past this latitude. We assign slow-slip direction as opposite inter-SSE relative motion on the fault derived from block motions. For each event, we constrain the start time to 60.1 year of the picked start time, the duration to between 10 and 60 days, the amplitude to <200 mm, the peak Gaussian slip to 20 and 60 km depth, and the Gaussian spread to 5-100 km. If modeled parameters fall outside these ranges, penalties are applied by taking the absolute value of the difference between the parameter value and the limit of the allowed range and multiplying it by 10 (equation (1)).
The 9 January 2010 Eureka earthquake is observed in the GPS position time series. It is defined in the model by uniform slip on a planar fault. The latitude, strike, and amplitude are adjusted while all other parameters (longitude, dip, and rake) are set to the Berkeley moment tensor solution (Table 1 ). The earthquake time dependence is an impulse because time sampling of continuous GPS is daily and the earthquake lasted only a few seconds.
Block WCCR in northern California is deforming rapidly and in a complex manner, and cannot be matched well by a uniform internal block strain rate. We remove sites CME1, P157, P163, P156, P315, and P317, which reside on the southwestern side of the block, and recognize that the southwestern corner of our SSE model is not well constrained.
Results
Decade-Scale Results
The decade-scale horizontal velocity field relative to North America is directed to the northwest in California and rotates northward in central Oregon, and to the northeast in Washington and Canada (Figure 4a ). This pattern has been observed in earlier geodetic studies [e.g., McCaffrey et al., 2000; Miller et al., 2001; McCaffrey et al., 2007 McCaffrey et al., , 2013 and is attributed to the rotation of Oregon [Wells et al., 1998 ] driven by the northwesterly motion of the Basin and Range, the convergence of the Juan de Fuca plate and other forces. The east components of the horizontal velocities are large near the coast and decrease inland, consistent with locking-induced strain (Figures 4a-4g , S1a, and S1b). GPS, tide gauge, and leveling indicate $3-4 mm/yr uplift rates near the coast in Washington and southern Oregon that taper to zero inland (Figures 5a, 5c-5h, S2a, and S2b). Coastal northern and central Oregon, however, has little uplift (0-1 mm/yr, Figures 5a and 5c-5h) [Mitchell et al., 1994; Burgette et al., 2009] . Horizontal velocities are fit well in both decade-scale Geochemistry, Geophysics, Geosystems et al., 2012] . We test the influence of the new geometry by running the Gaussian locking model again with the updated plate geometry. Horizontal and vertical misfits are not changed significantly using the new geometry ( Figure S3 ).
Fitting decade-scale velocities with the Gaussian and Gamma models achieve reduced v 2 of 1.55 and 1.61, respectively, each with the same number of free parameters (Table 3) . Both decade-scale models estimate locking fraction and slip rate deficit distributions that show a wide locking transition zone between $43 N and 46 N and at $41 N (Figures 6a, 6b , S4a, and S4b). The modeled locking distribution is substantially different offshore since it is dependent on the model assumptions, but the two models are similar onshore (Figures 4-6) . The estimated moment rate per unit length is the sum of the slip rate deficit times fault area times rigidity (40 GPa) divided by the along-strike distance. In the Gamma decade-scale locking model, the moment rate per unit length is substantially larger than in the Gaussian locking distribution (Figure 6c ). Separating the moment rate per unit length to depths greater and less than 20 km (the approximate depth of the slab under the coastline, Figures 6d and 6e) , shows that most of the differences are due to the offshore assumptions. The moment rate per unit length below land, where GPS, tide, and leveling data exist, is relatively well constrained and is similar for both modeling assumptions (Figures 6c-6e ). . Using a Gamma-like model with gamma fixed so that a narrow locking transition zone is forced, Burgette et al. [2009] estimate that the bottom of the transition zone is shifted offshore in central Oregon. McCaffrey et al. [2013] note the discrepancy between modeled transition zones in central Oregon, and determined that allowing gamma to vary so that a wide transition zone is allowed fits the horizontal GPS data better. In either case (allowing a wide transition zone, or fixing it), information is garnered regarding the along-strike variation in locking-i.e., locking between 43 N and 46 N either has to have a wide transition zone or must be moved updip, away from the coastline in order to fit the observed reduced interseismic uplift rates. Locking between 40 N and 43 N has a narrow transition zone positioned further west than central Cascadia, except at 41 N in northern California where the locking pattern broadens (Figures 6a and 6b ). Our Gaussian model with the revised plate geometry also shows a broad zone of locking at 41 N and between 43 N and 46 N ( Figure S5 ). To elucidate differences in models that use only horizontal or only vertical decade-scale velocities, we explore how our locking estimate would change if we give vertical GPS velocities higher weight. We multiply GPS vertical velocity uncertainties by 0.1 (increasing the weight by 100) and run the Gaussian decadescale model with the adjusted weights ( Figures S6-S8 ). Models that include higher weights for vertical GPS measurements have reduced vertical residuals in northern California ( Figure S7 ) resulting in an increased locking fraction south of 41 N ( Figure S8 ). Similar to the unmodified Gaussian decade-scale model, the plate interface offshore Oregon has a wider locking transition zone relative to the north and south. We prefer, however, our original decade-scale models with no vertical weighting adjustments since those models use more realistic data uncertainties.
SSE Model Results
The SSE model estimates inter-SSE locking, plate rotations, strain rates in the YFTB, ECCR, and WCCR blocks, 16 slow-slip events and one earthquake with a reduced v 2 of 1.31 (Figures 7a-7c and S9, Tables 2 and 3, and supporting information tables). It matches well temporal and spatial variations in GPS time series, periods of elevated tremor (Figures 2, 3 , S9, and S10), and displacements from the 2010 Eureka earthquake (Figure S11 and Tables 1 and 4) . We estimate a similar earthquake moment magnitude (Mw 6.7), strike, and latitude to the Berkeley seismic solution ( Figure S11 and Table 4 ). Differences between inter-SSE and decade-scale GPS velocities are shown in Figures S12a-S12c. Larger eastward inter-SSE velocities imply more inter-SSE locking (Figures S13a-S13c). Inter-SSE locking is shifted eastward compared to decade-scale locking and is weaker between 43 N and 46 N. The starting locking parameters assume the peak of Gaussian locking is at 30 km depth, which is then adjusted in the model inversion. We test this result by running a model with an initial inter-SSE peak Gaussian locking depth of 10 km. The new model produces shallow Geochemistry, Geophysics, Geosystems is not so limited and picks up slip over a larger region, increasing the possible slip area and therefore the moment ( Figure S10 ). We allow a wide Gaussian slip distribution, which may also contribute to larger geodetic moments. Another reason our moments are larger is because our model may not discriminate between events that are close in space and time. Since we are interested in the total slip for the margin as a function of latitude, it is not important to discriminate between events closely spaced in time, rather it is more important the inter-SSE velocity be correctly approximated so that the total slow-slip displacement for that time period can be estimated.
The SSE model predicts slow-slip well inland in southern Cascadia, south of 41 N, coincident with a broader zone of locking (Figures 6, 7, and S10) . Tectonic tremor is also located farther east in this section of the subduction zone (Figure 6b ). In this region, new estimates of the plate interface reveal a shallow dipping geometry that extends inland under northern California [ McCrory et al., 2012] , indicating the plate interface depth at which ETS is observed extends further east in this region.
Cumulative slow-slip from all major SSE events from 1 July 2005 to 1 January 2011 show the largest observed cumulative SSE GPS displacements and plate interface slow-slip occur below Washington, peaking at about 48 N, and in northern California, south of 41 N (Figures 7a-7c , see Figure S10 for The dearth of slow-slip relative to the large amount of tremor from 41 N to 43 N seems to be real since the model fit to the time series indicates that we did not miss a large event (Figures 3a, 3b , and 7a-7c).
Distribution of Terranes
The Metchosin, Crescent, and Siletz terranes are composed of thick accumulations of $52-50 Ma (Eocene age) oceanic basalt found in southern Vancouver Island, western Washington, and western Oregon, respectively. We refer to all three terranes collectively as the ''Siletzia.'' We use the Bouguer (onshore) and free-air (offshore) gravity anomalies presented in Blakely et al. [2005] to map thick accumulations of the dense Siletzia terrane (Figure 1b) . Gravity anomalies and seismic profiles suggest that the Siletzia is present in the Coast Ranges north of 43 N [Trehu et al., 1994; Blakely et al., 2005; Parsons et al., 2005] . Trehu et al. [1994] use a north-south seismic profile to infer that the Siletzia terrane is $27 km thick in central western Oregon, thins to $20 km in northern Oregon, $10 km in northern Washington and $6 km offshore Vancouver Island. Their east-west seismic profile north of Corvallis, OR at about 45 N shows that the Siletzia terrane extends to $35 km offshore where it is truncated by a fault (see their Figure 4 ). Their estimated maximum thickness of Siletzia terrane abuts the subducting plate near the coast [Trehu et al., 1994] . In map view, the Siletzia terrane extends offshore between $43 N and 46 N and at latitudes >48 N [Snavely, 1987] . Parsons et al. [2005] seismically image the Siletzia terrane offshore near 46 N, but then image it east of the Olympics near Puget Sound at about 48 N. Siletzia terrane is seismically imaged east of the Cascades [Schmandt and Humphreys, 2011 ], but we focus on the thick accumulations above the plate interface, since these are more likely to influence current subduction zone processes. Contours of the gravity anomalies (10 mgal, Figure  1b) show that the Siletzia terrane may be broken into distinct blocks [Blakely et al., 2005] . The largest range from 44 N to 46 N and smaller fragments are observed north and south of it. The large gravity anomaly is notably absent over the Olympics, where the Siletzia has been pushed eastward toward the Puget Sound region (Figure 1b) .
A significant decrease in seismicity occurs south of 47 N, in the transition from the Olympic accretionary complex (Figure 1c ) to the Siletzia terrane [McCrory et al., 2004] . High seismic wave speeds and earthquakes that follow the edges of the Siletzia terrane indicate that it is relatively rigid compared to its surroundings [Parsons et al., 2005] . Because of its oceanic affinity, the Siletzia terrane may have reduced crustal porosity and permeability [Calkins et al., 2011] ; however, it may be highly fractured at depth, which could increase its permeability. To our knowledge, no study has directly measured the porosity and permeability of the Siletzia terrane in comparison to the adjacent Olympic accretionary wedge or Klamath Mountains.
Under the Olympic Mountains in northwest Washington, the subduction plate interface changes from east plunging south of 47 N to northeast plunging north of the Puget Sound [Crosson and Owens, 1987; McCrory et al., 2004; Audet et al., 2010] . This bend in the subduction zone has been attributed to the extension in the Basin and Range province 16-18 million years ago that forced a clockwise, northward rotation of the Coast Ranges and the subduction zone, causing the exhumation of the Olympic Mountains accretionary complex since $14 Ma [Brandon et al., 1998; Wells et al., 1998 ]. The Olympic accretionary complex is characterized by low seismic wave speeds indicating that the sediments are less consolidated (i.e., increased porosity) relative to Siletzia terrane and/or that the crust is fluid rich [Parsons et al., 2005; Calkins et al., 2011; Calvert et al., 2011] . The accretionary complex is composed of nonmagnetic material compared to its surroundings, and is well imaged using a magnetic potential field (Figure 1c ) [Blakely et al., 2005] . The pre-Tertiary Klamath mountains are composed of multiple accretionary episodes [Irwin, 2003] . Gravity data that cover northern Geochemistry, Geophysics, Geosystems [Brudzinski and Allen, 2007] .
The similarity in moment rates per unit length between the Gaussian and Gamma decade-scale models at depths >20 km (Figure 6e ) suggests that our present day geodetic observations contain information regarding along-strike variations in locking. Although the models are not unique, the concurrence of a wide locking transition zone with the Siletzia terrane may imply that the upper plate composition contributes to the frictional interplate locking [Burgette et al., 2009] (Figures 6a, 6b , and S6). Brudzinski and Allen [2007] note that regions with more frequent ETS occur where the Siletzia terrane is thinned or absent. Likewise, our SSE model shows that cumulative GPS slow-slip displacements, plate interface slow-slip, and tectonic tremor distributions anticorrelate with the location of Siletzia terrane (Figures  7a-7c ).
Paleoseismic estimates of coseismic subsidence from the the most recent major earthquake on the Cascadia subduction zone (A.D. 1700) [e.g., Atwater et al., 2005] have been used to estimate the distribution of coseismic slip on the fault [Leonard et al., 2004 [Leonard et al., , 2010 Wang et al., 2013] . Recent improvements in subsidence estimates of the 1700 earthquake from detailed tidal microfossil studies allow Wang et al.
[2013] to infer a heterogeneous displacement pattern along the margin of the subduction zone. In general, however, subsidence is smaller between 43.5 N and 46 N, in the same region as the large gravity anomalies (Figure 5b) . Wang et al. [2013] 
Discussion
We present two schematic profiles across the margin to summarize the observations of this paper. The Olympic profile runs through the Olympic Mountains and Puget Sound following the direction of relative plate convergence (Figure 8a ), and is roughly based on the geologic profile presented in Stanley et al. [1999] . The Oregon profile passes through central Oregon and the Willamette Valley ( Figure 8b ) and is based on the profile presented in Blakely et al. [2005] . The Olympic profile (Figure 8a ) is characterized with strong locking offshore and a relatively narrow transition zone (Figures 6a and 6b) , elevated tectonic tremor and slow-slip (Figures 7b and 7c) , and possible large subsidence during earthquakes (Figure 5b ). The profile goes through the Olympic accretionary wedge (Figure 1c) , which is inferred to be fluid rich from seismic studies [Calkins et al., 2011] . Gravity anomalies are low in this area, suggesting that the dense Siletzia terrane is thin or absent near the coast (Figure 1b) . Using seismic data, Parsons et al. [2005] show that the Siletzia terrane is present further east in this profile, under the Puget Sound.
The Oregon profile (Figure 8b ) is characterized by a wide transition zone (Figures 6a and 6b ), reduced amounts of cumulative slow-slip, tectonic tremor (Figures 7b and 7c) , and coseismic subsidence (Figure 5b ). Strong gravity anomalies (Figure 1b) suggest the thickest accumulations of the dense Siletzia terrane are here. The Oregon profile has a strong magnetic anomaly [Blakely et al., 2005] while magnetic anomalies across the Olympic profile are weak or absent (Figure 1c) .
The coast at about 41 N has substantial vertical interseismic uplift (Figures 5h and S3 ) and a wide transition zone (Figures 6a, 6b, and S5) . In this region, the fault interface is shallow and dips gently under northern California ( Figure S5 ). We suggest that the broad zone of locking in this region is related to the low dip angle of the plate interface.
Geochemistry, Geophysics, Geosystems The section of the subduction zone between 43 N and 46 N has reduced interseismic uplift, coseismic subsidence, and an estimated broad locking transition zone (Figures 5, 6a, 6b, S3, and S5) . Unlike northern California this region does not have a shallow dipping fault interface. Using body wave tomography, Schmandt and Humphreys [2010] observed that the high-velocity slab becomes weak to nonexistent beneath northern Oregon at depths greater than $160 km. In contrast, slab depths continue to $350 km to the north and south. Variations in slab pull could provide a mechanism for the observed locking pattern, however, Scholz and Campos [1995] , suggest that reduced slab pull should increase coupling, which is opposite of what is observed in central Cascadia.
Alternatively, reduced interseismic uplift and coseismic subsidence may suggest that prolonged partial fault creep prevents accumulation of large interseismic stress, thereby reducing coseismic offsets (Figures 9a and  9b ). plate convergence rate (<50 mm/yr in Cascadia) and durations are longer than the observation period (>10 years) then these events will not be observable in geodetic time series. Such great SSEs may simply reduce the accumulating strain rate, creating the appearance of a partially coupled (or creeping) subduction zone, similar to what is observed in central Oregon ( Figure 6 ). However, observed SSEs that last months to years generally show complexity in their slip evolution (changing slip rates and migration) and we expect a M !8 SSE would have similar properties, which would be observable. Cascadia SSEs are all short in duration and there is no evidence for longer-period slip variations. Hence, it is possible but untestable and unlikely that this region is undergoing a great SSE.
Coastal coseismic displacements measured from paleoelevation studies reveal that the greatest coastal subsidence (up to $2 m) during the 1700 earthquake, as well as during previous subduction earthquakes within a 6500 year history, occurred north of 46 N and south of 44 N [Leonard et al., 2004 [Leonard et al., , 2010 Wang et al., 2013] . The least subsidence for multiple events occurred in central to northern Oregon (<1m) [Leonard et al., 2010] , in the region where we and McCaffrey et al.
[2013] estimate a wide locking transition zone (Figures 6a and 6b) . Consistent with the paleoseismic observations, a morphometric analysis of submarine landslides on the continental slope of Oregon indicates a lack of disintegrative landslides in northern Oregon where sedimentation rates are high due to the influx of the Columbia River system, suggesting that shaking from great earthquakes is limited in this region [McAdoo and Watts, 2004] . Tsunami deposits in the southern Cascadia margin, however, may have been generated from earthquakes or submarine landslides, or a combination of both [McAdoo and Watts, 2004] Figure 9 . Schematic diagrams based on Hyndman and Wang [1993] showing crustal deformation in between major earthquakes (left) and during rupture (right) for a fully locked fault (a) and a partially creeping fault (b). Interseismic uplift and coseismic subsidence are reduced in regions with partial persistent fault creep.
Geochemistry, Geophysics, Geosystems updip beneath the stronger, less permeable Rakaia terrane, increasing pore fluid pressures on the plate interface and within the upper part of the subucting slab. The transported water is later released into the more permeable Pahau terrane further updip, ultimately effecting the locking beneath the Rakaia and updip. In Cascadia, the Siletzia terrane may also act as an impermeable cap, where some of the water moves updip since it cannot percolate into the overriding crust. In central Oregon, the Siletzia terrane extends to $35 km offshore, possibly allowing fluid transport further updip into the locked region. Here we observe less interseismic uplift that may be due to weak locking (creep) accommodating interseismic stress, resulting in reduced coseismic offsets (Figures 8 and 9 ). Hence, high fluid pore pressures may promote creep beneath the Siletzia terrane since these conditions are thought to favor stable sliding [Segall and Rice, 1995; Hillers and Miller, 2006] . (Figures 6b and 7a-7c ). Tectonic tremor and slow-slip have also been explained by dewatering from the basalt-eclogite transition of the subducting crust at about 40 km depth [Bostock et al., 2002] where they are observed. Audet et al. [2010] suggest that fluids trapped beneath a seal at the plate boundary increase pore fluid pressures and lower the effective stress enough to trigger slip by small changes in dynamic stress. Propagating slip and hydrofracturing the seal allow fluid to flow into the overriding plate or along the interface, enhancing ETS propagation. Fluid pumping during slip episodes decreases pore fluid pressure and increases the effective stress, stopping the slow-slip and reinforcing the new seal. Audet et al. [2010] suggest that variations in rates of slab dehydration, permeability and rheology of the upper crust contribute to variations in ETS recurrence. Hence, if the Siletzia terrane is less permeable, it may offer a stronger seal than in adjacent regions to the north and south, implying less frequent ETS events, as observed. Assuming the same rate of dewatering along the plate margin, this would also imply larger pore pressures, which, as described above, would encourage prolonged partial creep.
SSEs accommodate much of the subduction slip in Washington, southern Oregon and northern California, but in central and northern Oregon that amount is greatly reduced and may instead be accommodated through persistent partial fault creep. If persistent partial fault creep occurred only updip of the ETS zone, then the load on the fault in the ETS zone would increase and foster more ETS events. We observe, however, that ETS in Cascadia reduces where partial fault creep is larger. Hence, we argue that persistent partial fault creep must extend through the ETS zone. ETS is also thought to be promoted by high fluid pore pressure. So, as fluid pressure increases due to a better seal, perhaps persistent partial fault creep becomes the dominant mode of slip, even in the ETS zone. Peng and Gomberg [2010] suggest that the mode of slip is determined by the inherent properties of the fault surface. If correct, the physical properties of the Siletzia and adjacent terranes may determine if the interface slips as ETS, persistent fault creep or as earthquakes.
Conclusions
Along-strike variations in Cascadia subduction locking using GPS decade-scale velocities (uncorrected for slow-slip) and tide gauge and leveling uplift rates suggest a broadly distributed zone of locking between 43 N and 46 N. Coseismic subsidence inferred from paleoelevation studies is reduced between 44 N and 46 N for earthquakes within a 6500 year history. Persistent partial fault creep explains these observations. 
